Abstract. Efforts have been made to extend the biological half-life of monoclonal antibody drugs (mAbs) by increasing the affinity of mAb-neonatal Fc receptor (FcRn) binding; however, mixed results have been reported. One possible reason for a poor correlation between the equilibrium affinity of mAb-FcRn binding and mAb systemic pharmacokinetics is that the timecourse of endosomal transit is too brief to allow binding to reach equilibrium. In the present work, a new physiologically based pharmacokinetic (PBPK) model has been developed to approximate the pH and time-dependent endosomal trafficking of immunoglobulin G (IgG). In this model, a catenary sub-model was utilized to describe the endosomal transit of IgG and the time dependencies in IgG-FcRn association and dissociation. The model performs as well as a previously published PBPK model, with assumed equilibrium kinetics of mAb-FcRn binding, in capturing the disposition profile of murine mAb from wild-type and FcRn knockout mice (catenary vs. equilibrium model: r 2 , 0.971 vs. 0.978; median prediction error, 3.38% vs. 3.79%). Compared to the PBPK model with equilibrium binding, the present catenary PBPK model predicts much more moderate changes in half-life with altered FcRn binding. For example, for a 10-fold increase in binding affinity, the catenary model predicts <2.5-fold change in half-life compared to an ∼8-fold increase as predicted by the equilibrium model; for a 100-fold increase in binding affinity, the catenary model predicts ∼7-fold change in half-life compared to >70-fold increase as predicted by the equilibrium model. Predictions of the new catenary PBPK model are more consistent with experimental results in the published literature.
INTRODUCTION
Twenty-eight monoclonal antibodies (mAbs) have been approved for therapeutic use in the USA, and hundreds of mAbs are currently under clinical evaluation (1, 2) . All of the approved mAbs are of the immunoglobulin G (IgG) isotype (3) . The neonatal Fc receptor (FcRn) protects IgG from intracellular catabolism and, thus, contributes to the long biological half-life of mAbs. The receptor is expressed throughout the body (4, 5) , including within the vascular endothelium, which is regarded as a prime site of IgG catabolism (6) (7) (8) . IgG-FcRn binding is pH dependent, where FcRn binds to IgG with high affinity at pH 5.5-6, but binding affinity is reduced by at least 2 orders of magnitude as pH increases from 6 to 7 (9, 10) . The well-accepted theory of FcRn protection of IgG is shown schematically in Fig. 1 .
As FcRn is responsible for the long half-life of IgG in the circulation, there has been considerable effort to engineer mAb for increased binding to FcRn, as a means of increasing biological persistence. Several groups have shown that increasing the affinity of mAb for FcRn at pH 6 can lead to slower rates of mAb clearance and to increases in terminal half-lives (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, in several other reports, no clear relationship has been shown between mAb half-life and mAb-FcRn binding affinity at pH 6 (15, 16, (20) (21) (22) (23) (24) (25) (26) (Table I) .
IgG antibodies appear to be eliminated through a cascade of events that includes endocytosis, endosomal transit and sorting, delivery to lysosomes, and enzymatic catabolism (27) . The timecourse of endosomal processing of IgG has not been studied thoroughly, but it is likely that this process is completed quite rapidly, within minutes. Of note, the endocytosis and recycling pathways for FcRn and the transferrin receptor have been reported to overlap (28) , and recycled transferrin has been shown to have an intracellular half-life of ∼7.5 min (29) . Following endocytosis of extracellular fluid, pH drops slowly due to the action of vacuolar ATPase (30) . For example, in Chinese hamster ovary (CHO) cells, endosomal pH drops from 7.4 to an average pH of 6.3 in 3 min, and by 10 min, the endosome pH reaches 6 and below (31) . The rate of pH change in endosomes of endothelial cells Electronic supplementary material The online version of this article (doi:10.1208/s12248-012-9395-9) contains supplementary material, which is available to authorized users.
has not been reported, and the pH change may occur at a different rate than shown for CHO cells; however, it is likely that the acidification of endosomes from 7.4 to ≤6 occurs gradually, rather than abruptly. Considering the rapid rate of endosomal transit and the non-instantaneous process of endosomal acidification, it is likely that IgG and FcRn share only a brief coexistence at pH≤6, prior to endosomal sorting for recycling or for delivery of IgG to the lysosome.
At acidic pH, IgG binds to FcRn with high affinity and with slow rates of dissociation. For example, Vaughn and Bjorkman investigated a series of mAb-FcRn complexes, at pH 6, and found dissociation rate constants in the range of 0.002 to 0.0002 s −1 (32) , which corresponds to dissociation half-lives of 6-58 min. In the study conducted by DattaMannan and coworkers (20) , the reported dissociation rate constants (k off ) of FcRn complexes with engineered IgGs relate to dissociation half-lives up to 7.2 min. Comparison of the estimates of dissociation half-lives of mAb-FcRn complexes with the timecourse of endosomal transit suggests that it is unlikely that mAb-FcRn binding reaches equilibrium prior to endosomal sorting. We speculate that non-equilibrium binding provides a logical explanation for the lack of a clear relationship between equilibrium binding There have been several published physiologically based pharmacokinetic (PBPK) models for characterizing IgG disposition (33) (34) (35) (36) (37) . A recent PBPK model, developed by Garg and Balthasar, has incorporated FcRn within the endosomal compartments of the vascular endothelium within each tissue (38) . The model was able to predict plasma and tissue disposition of mAb in wild-type and FcRn-deficient mice, with or without coadministration of large doses of exogenous IgG (as a competitive inhibitor of FcRn). Urva et al. later revised and extended this model to incorporate a tumor compartment, and specific target-mediated mAb elimination (39). The extended model was able to characterize the influence of specific antigenantibody interactions on the disposition of T84.66, an anticarcinoembryonic antigen monoclonal antibody. For both of these models, IgG-FcRn interaction in endosomes was assumed to be driven by equilibrium binding. Consequently, the fraction of unbound IgG in the endosomal space is a simple function of equilibrium binding affinity for FcRn at pH 6. Since unbound IgG in the endosomes undergoes degradation, such models are expected to predict a simple, positive correlation between FcRn binding affinity at pH 6 and in vivo IgG half-life. However, as discussed above, this type of prediction is inconsistent with the growing literature surrounding the in vivo pharmacokinetic behavior of mAb engineered for increased binding to FcRn.
In this work, we have developed a new physiologically based pharmacokinetic model to more closely approximate the pH and time dependence of IgG binding within endosomes. A series of catenary sub-models were utilized to describe the timecourse of IgG transit through endosomes, the gradual acidification of endosomal fluids, and the (non-equilibrium) kinetics of IgG-FcRn association and dissociation. The model also incorporates tissue-specific FcRn expression. Simulations with the model were compared to those of a PBPK model, derived from the Garg and Urva models, where equilibrium binding of IgG and FcRn is assumed. Relative to the equilibrium model, which predicts a near proportional relationship between equilibrium binding affinity and mAb halflife, the new catenary PBPK model predicts changes in half-life that are much more modest, and much more in line with literature observations (summarized in Table I ). The catenary model also predicts a complex relationship between binding and in vivo half-life, where increased rates of IgG-FcRn association provide a greater benefit than provided by decreases in the rate of IgG-FcRn dissociation.
MATERIALS AND METHODS

Mouse IgG (T84.66) Production and Purification
To examine the relationships between pH and mAbFcRn binding, the anti-carcinoembryonic mouse monoclonal IgG1 antibody, T84.66, was produced, purified, and evaluated for binding to murine FcRn. Briefly, hybridoma cells secreting T84.66 (ATCC, HB-8747) were grown in 1-L spinner flasks supplemented with serum-free hybridoma media (Invitrogen, NY) and 5 mg/L gentamicin (Invitrogen, NY). The cells were maintained at 37°C and 5% CO 2 , and media was changed two to three times weekly to allow collection of secreted antibodies. T84.66 was purified from the media via protein G affinity chromatography (17-0405-01, GE Healthcare NJ) by using Bio-Rad BioLogic DuoFlow chromatography system (Bio-Rad, CA). Na 2 HPO 4 (20 mM, pH=7.0) was used as washing buffer and glycine (100 mM, pH=2.8) was used as the eluting buffer. Antibody concentration was determined by the UV reading at 280 nm, assuming 1.35 AU= 1 mg/ml IgG (40).
IgG-FcRn Binding Characterization
The binding of T84.66 to murine FcRn was characterized at pH 6.0, 6.5, 7.0, and 7.4 by surface plasmon resonance (SPR) using a BIAcore T100 instrument (GE Healthcare). All binding experiments were performed at 25°C. Briefly, soluble recombinant mFcRn was immobilized onto a CM5 sensor chip using the amine coupling method. Flow cells on the chip were activated with N-hydroxysuccinimide (NHS) (GE Healthcare) and 3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide (DEC) (GE Healthcare) at a flow rate of 10 μl/ min. Recombinant mouse FcRn (175nM) in pH 5.5 acetate buffer (GE Healthcare) was injected over the flow cell to reach a low ligand density (∼500 resonance units (RU)). The surface was then blocked with ethanolamine-HCL. For each immobilization, a control flow cell was prepared using an identical manner, except with omission of the FcRn injection.
To measure the binding kinetic parameters at each pH condition, PBS with 0.005% (v/v) Tween 20 was prepared, with pH adjusted to the desired value, and used as the running buffer for the analysis (flow rate: 30 μl/min). T84.66 was diluted with the running buffer. Dilutions of the antibody ranging from 8 nM to 4 μM were injected for 2 min over the FcRn immobilized chip, followed by perfusion with running buffer for 7 min, for evaluation of complex dissociation. Surfaces were regenerated with a 30-s pulse injection of PBS (0.005% Tween 20) at pH 8.5, with a flow rate of 50 μl/min. The antibody was also injected over a blank control flow cell to allow for correction for non-specific binding. Binding sensorgrams were analyzed with BIAevaluation software 1.1. Binding parameters were estimated by fitting the binding data to a heterogeneous-ligand model.
Mathematical Modeling
Model Structure
The catenary PBPK model was based on the prior PBPK models of Urva et al. and Garg and Balthasar (38, 39) . The model includes ten tissue/organ compartments to represent: plasma, lung, lymph node, liver, spleen, GI tract, heart, kidney, skin, and muscle (Fig. 2a) . Intertissue transfer of antibody is mediated by plasma flow and lymph flow. Consistent with the PBPK model of Urva et al. (39) , a lymph node compartment collects the lymphatic drainage from all organs and returns the lymphatic fluid to the systemic circulation (Fig. 2b ). In the previously published model, it was assumed that all IgG collected by lymph nodes was returned back to the circulation. However, in the present model, it is assumed that complete return of IgG to circulation occurs in wild-type animals, whereas only 28% of IgG in lymph node compartment is returned back to the circulation in FcRn-deficient animals. This model feature was based on the experimental observation of 28% IgG bioavailability following subcutaneous injection to FcRn-deficient mice (41) . Similar to the Garg and Urva models, each tissue compartment was further divided into three main sub-compartments to represent the vascular space, the endosomal space of vascular endothelial cells, and the interstitial space (Fig. 3) .
In the prior PBPK models, IgG-FcRn interaction in the endosomal space was assumed to be driven by equilibrium binding. In the present model, the vascular endothelial endosomal space has been described with a series of wellmixed transit compartments, representing the step-wise transport of IgG from endocytosis through endosomal sorting. As shown in Fig. 3 , the endothelial endosomal subcompartments were set to represent different pH environments, with pH ranging from 7.4 (just after endocytosis) to 6.0. This catenary structure allows representation of the timedependent acidification of the endosomal environment during the process of endosomal transit. The transit time assumed for each endosomal sub-compartment is represented by τ.
In each endosomal sub-compartment, IgG interacts with FcRn with an association rate constant (k on ) and dissociation rate constant (k off ), which is specific for the pH environment. In the last endosomal sub-compartment, catabolic elimination of unbound IgG occurs and bound antibody is recycled to the plasma or to the interstitial space. The parameters and variables used in the model are defined in Electronic Supplementary Material I and the equations for the model are provided in Electronic Supplementary Material II.
Model Parameters
The physiological parameters for plasma flow rate, vascular, interstitial, and total tissue volume were obtained from the literature (35) . The vascular reflection coefficient and lymph reflection coefficient values for endogenous antibodies were set to 0.95 and 0.2 for all organs (38) . Other parameters were determined, or estimated, as described below.
Endosomal Transit Time, τ. The transit time for endosomal sub-compartments was derived based on the half-life of sorting endosomes. Assuming a half-life of sorting endosomes of 7.5 min (28, 29) , the total transit time for endosomal sorting was estimated as: total transit time= 7.5 min/0.693=10.8 min. The residence time associated with each endosomal sub-compartment, τ, was assumed to be equivalent, and τ was then calculated as the total endosomal transit time divided by the number of transit events: τ=10.8 min/4=2.7 min.
Tissue Uptake Rates (CL tissue uptake ) and Endosomal SubCompartmental Volumes (V E tissue ). Fluid pinocytosis rates for monolayer endothelial cells have been reported to be ∼50 nl/ h/10 6 cells at high confluency (42, 43) . The total number of endothelial cells in mice was estimated from the reported endothelial volume 0.625 ml/mouse with the assumption that 10 6 cells occupy a volume of 1 μL (44). As such, the total pinocytosis rate by endothelial cells in a mouse was calculated as:
Individual tissues uptake rates were obtained by fractioning the total pinocytosis rate by tissue size. Endosomal sub-compartment volumes (V E tissue ) of individual tissues were calculated as: V E tissue ¼ CL tissue uptake Â t . This parameterization allows a constant endogenous IgG concentration within all endosomal sub-compartments (at steady state). Individual tissue endosomal uptake rates and endosomal sub-compartment volumes are listed in Table II .
Binding Kinetic Parameters (k on , k off ) for Murine IgG and FcRn. Microconstants (k on and k off ) for FcRn binding to T84.66, a model murine IgG1 mAb, were measured by SPR at 25°C, as described above. Since the heterogeneous-ligand binding model assumes two different ligands on the sensor chip, two sets of binding parameters were obtained after each model fitting. The values of k on and k off associated with higher binding affinity, at each pH tested, were used in the PBPK model development and simulation.
Tissue-Specific FcRn Concentrations. FcRn protein concentrations in tissues were assumed to be proportional to measured values of FcRn mRNA. Individual tissue concentrations were coded within the model as k tissue ×R0, where Table III .
Lymph Flow. Experimentally determined values for lymph flow in mice are not available. Widely different values for such parameters have been used in published pharmacokinetic models for IgG disposition (33, 34, 38, 39, 45) . In the present model, lymph flow was assumed to be proportional to plasma flow, and the lymphatic flow rate values for all organs were set to be 0.2% of the plasma flow rates.
Endogenous IgG Concentrations at Steady State. EndogEndogenous IgG plasma concentration in untreated Swiss Webster mice was set at 7.4 μM, as measured by ELISA (Life Diagnostics, Inc., 5010-1). The plasma endogenous IgG concentration was fixed within the model, and simulations were performed to obtain steady-state endogenous IgG concentrations in all tissue compartments. These values were assigned as the initial conditions in the model.
Endogenous IgG Production Rate, K0. Endogenous IgG production was assumed to be a zero-order rate process, and was not influenced by exogenous IgG administration. The production rate was estimated using the endogenous IgG plasma concentration as model input. The estimated K0 was 2.82E−12 mol/min (1.00E−03%).
Coefficients Accounting for Non-FcRn-Dependent Tissue Uptake of Exogenous IgG (F1, F2). Even in cases where target-mediated elimination is unlikely, literature data has shown that antibodies with identical constant regions and similar FcRn binding may display different disposition kinetics (46, 47) . These data demonstrate that additional factors, beyond FcRn binding (e.g., surface charge), serve as determinants of mAb pharmacokinetics. To account for these factors, the coefficients F1 and F2 have been applied to modulate the rate of endosomal uptake and the vascular reflection coefficient, such that the model has sufficient flexibility to account mAb-to-mAb variability in factors that Fig. 3 . Schematic representation of intratissue compartments. Each tissue in the PBPK model is divided into three major compartments representing the vascular, endosomal, and interstitial spaces. The endosomal space of each organ is further subdivided into five compartments. Q and L represent the plasma and lymph flow rates. σ V and σ I are the vascular and lymphatic reflection coefficients. CL uptake is the uptake rate of IgG from the vascular and interstitial compartments into the endosomal space. FR represents the fraction of FcRn-bound antibody that is recycled to the vascular space. kel is the clearance of unbound IgG from the last endosomal sub-compartment. The endosomal sub-compartments are assumed to have pH ranging from 7.4 to 6.0, to represent the acidification of endosomes. τ represents the transit time associated with each endosomal sub-compartment. k on and k off are the association and dissociation rate constants at different pH conditions (38) and Urva et al. (39) have made the assumption that endogenous and exogenous IgG bind FcRn with the same affinity and, consequently, these models were not structured to make predictions of the disposition of mAb with FcRn affinity that is different from that of endogenous IgG (38, 39) . To allow a meaningful comparison of the catenary and equilibrium models, we have modified the equilibrium model to allow multiple interactions with FcRn, with differing affinity. Derivations for the equilibrium binding function with two FcRn binding affinities are shown in Electronic Supplementary Material III.
Within the modified equilibrium model, most parameters are consistent with those in the model published by Urva et al.; however, the coefficients F1 and F2 were added, as described for the catenary model above, to allow for mAb-tomAb differences in antibody uptake and convective transport into the interstitial compartment. F1, F2, and Tau LY were simultaneously estimated by fitting the model to the murine mAb 7E3 plasma data in both wild-type and FcRn knockout animals. The endogenous IgG production rate, K0, was then fixed to allow the appropriate steady-state concentration of endogenous IgG. To evaluate the performance of the two models, observed 7E3 plasma concentration data were compared with model predicted data. For each PBPK model, correlation between the model predicted concentration and observed concentration was calculated. Prediction error at each data point was calculated as:
Comparison of Model Predictions of the Relationship Between FcRn Binding Affinity and mAb Disposition. SimuSimulations were conducted with the catenary and equilibrium PBPK models to examine the relationship between mAbFcRn binding affinity at pH 6 and predicted disposition profiles. FcRn-mAb binding affinity was modulated 10,000-fold, with equilibrium binding affinity ranging from 0.01-to 100-fold of the FcRn affinity for endogenous IgG. In simulations with the catenary model, microconstants are used to define FcRn-mAb binding, and the equilibrium affinity at pH 6 is the ratio: k on /k off within the pH 6 sub-compartment in the endosomal transit cascade. Changes in affinity were achieved by either adjusting k on relative to k off , or by changing k off relative to k on . As such, for the catenary PBPK model, two sets of predictions were made. To facilitate comparison of model predictions, terminal plasma half-lives were calculated from the log-linear decline profile of the simulated data.
Software
All parameter estimations and simulations were performed in ADAPT V (48), using maximum likelihood estimation.
RESULTS
T84.66 Binding to FcRn: Effect of pH
SPR sensorgrams demonstrated decreased binding of T84.66 to murine FcRn with increasing pH. At pH 7.4, there was no detectable binding of the mAb to FcRn. At pH 7.0, binding was only detectable at antibody concentration of 184 nM and greater. However, under more acidic conditions (pH 6.0 and 6.5), T84.66 binding responses were detectable at a wide range of concentrations. Estimated values of k on and k off , as associated with the high-affinity site of the heterogeneous-ligand model, were used as the binding parameter values for the catenary PBPK model (Table IV) . Binding capacity (R max ) decreased with increasing pH, which indicates a loss of mAb binding capacity, in addition to reductions in binding affinity, with changes in ionization of FcRn (and or IgG). Both endogenous and exogenous antibodies
Fitting of 7E3 Data
The catenary and equilibrium models each provided very good fitting of previously published plasma concentration vs. time data for a murine monoclonal antibody, 7E3, following i.v. dosing of 8 mg/kg to wild-type mice and to FcRn-deficient (knockout) mice (38) . Simulated data is shown with observed data in Fig. 4 , and the fitted parameters from each model (F1, F2, and Tau LY ) are listed in Tables V and VI. The correlation  coefficient (r  2 ) for model predicted data and observed data were 0.978 and 0.971 for the equilibrium model and catenary model, respectively. The median concentration prediction errors were 3.38% and 3.79% for the catenary model and equilibrium model, respectively.
Comparison of Model Predictions of the Relationship Between FcRn Binding Affinity and mAb Disposition
Each model predicts that an alteration of FcRn binding affinity at pH 6 will impact mAb disposition and terminal half-life (Fig. 5) . As shown in the figure, the equilibrium model predicts a near proportional increase in terminal halflife with increased FcRn binding affinity at pH 6, while the catenary model predicts much more moderate changes in half-life. Compared to experimental data published in the literature, the predictions of the equilibrium model greatly over-predict the effects of increased FcRn binding on mAb half-life, whereas predictions of the catenary model are more consistent with the published data (Table I) . Interestingly, the catenary model also predicts that there is greater benefit found from an increase in k on vs. from a decrease in k off . For example, with a 100-fold increase in affinity (i.e., k on /k off ) achieved via a 100-fold decrease in k off , the catenary model predicts a 1.5-fold increase in half-life. For the same increase in affinity, achieved with a 100-fold increase in k on , the model predicts a 7.3-fold increase in half-life (Fig. 5) .
DISCUSSION
As it is well accepted that FcRn is responsible for the extended systemic persistence of IgG, there has been great interest in modulating mAb-FcRn interaction to improve the pharmacokinetic properties of therapeutic monoclonal antibodies. Although several PBPK models for IgG disposition have been published, none of the prior models have been structured to consider the relationships between the timecourse of FcRn binding and the timecourse of endosomal transit. The unique feature of the new catenary PBPK model presented in this work is that it attempts to approximate the pH and time dependence of FcRn binding and endosomal processing of IgG. The catenary PBPK model retains several features that were incorporated in prior PBPK models, and the new model is equally capable of characterizing the disposition of wild-type mAb, including mAb disposition in FcRn-deficient mice. However, the new PBPK model differs dramatically from prior models with respect to the prediction of the relationships between mAb-FcRn binding and mAb disposition in vivo. The catenary model predicts much more modest effects relative to equilibrium models, and the catenary model predictions are much more in line with data observed in the published literature. Fig. 4 . Characterization of 7E3 data by the catenary PBPK model and the modified equilibrium PBPK model. 7E3 data (symbols), following i.v. injection of 8 mg/kg to wild-type and FcRn-deficient mice were collected from prior work (41) . Parameters of the equilibrium and catenary PBPK models were determined by fitting to the plasma data. Solid lines represent the best fitted profiles for a the catenary PBPK model, and b the equilibrium PBPK model The catenary PBPK model differs from prior PBPK models of mAb disposition in several ways. First, tissuespecific FcRn expression has been incorporated. In the PBPK models of Garg and Balthasar (38) and Urva et al. (39) , FcRn concentration was assumed to be the same in all tissues. Analysis of FcRn expression indicates that FcRn expression may vary substantially among different organs (7, (49) (50) (51) . To the best of our knowledge, experimentally determined data for FcRn protein concentration in tissues in any species are not available. In recent work, we have investigated FcRn mRNA expression by quantitative RT-PCR (manuscript in review), and we have attempted to approximate tissuespecific FcRn protein expression with the simple assumption that endosomal FcRn concentration is proportional to FcRn mRNA expression. Tissue FcRn concentrations were calculated from the experimentally determined values of relative mRNA expression and a whole-body averaged FcRn concentration. The FcRn concentration estimate was obtained through a model-based analysis of the disposition of an antiFcRn mAb (1G3) in mice (manuscript in review). The estimated FcRn concentrations are based on several untested assumptions; however, the FcRn concentration estimates have been used simply as a starting point to allow model building. In future work, we plan to employ specific FcRn probes to determine tissue-specific FcRn protein concentrations, which may allow improvement and further refinement of the model. The new PBPK model also differs from prior models with respect to the return of IgG from the lymph nodes to the systemic circulation. Based on our prior investigations of the bioavailability of mAb following subcutaneous dosing to wildtype and FcRn-deficient mice, where mAb bioavailability was 82% in wild-type animals vs. 28% in knockout mice (41) , the efficiency of IgG return was set as a function of IgG binding to FcRn (detailed in Electronic Supplementary Material II). The Garg and Urva models assume that all IgG drained from the interstitial compartment through the lymphatics is collected by lymph nodes and transited to the systemic circulation (39) .
The catenary PBPK model also differs from the Urva and Garg models with respect to the uptake of IgG into the endosomal space of the vascular endothelium. In the new model, uptake rates for individual tissues have been derived from fluid pinocytosis rates for monolayer endothelial cells, while in previous models (38, 39, 45) , tissue uptake rates were estimated by model fitting, and differed substantially from model-to-model. For example, in the models developed by Urva and Garg (38, 39) , the estimated endosomal uptake rate constants were 1.96 and 0.715 day −1 , and the value used in the model by Ferl et al. was 9.6×10 −3 min −1 , corresponding to 13.8 day . Due to the use of a tissue-specific endosomal uptake clearance, and as a consequence of setting the endosomal volume to allow a fixed transit time for the endosomal cascade, the endogenous IgG concentrations in (all) endosomes closely approximates the steady-state endogenous IgG concentration in the vascular space. This model feature is desirable, as it is consistent with the present conceptual model of IgG uptake via fluid-phase endocytosis.
The catenary PBPK model and the equilibrium PBPK model each provided very good characterization of 7E3 disposition in FcRn-deficient mice and in wild-type mice (Fig. 4) . Fitted model parameters (F1, F2, Tau LY , and K0) were estimated with high precision and with similar values for the two models (i.e., within 1-3-fold). However, the parameter estimates were not identical, and the confidence intervals did not overlap for the estimates of Tau LY or for the estimates of K0. The finding of different, but precise, parameter estimates illustrates that the "identifiability" of fitted PBPK model parameters does not necessarily reflect the accuracy of the parameters (or, in other words, the accuracy of the quantitative depiction of biological processes). Parameter estimates may be dependent on all aspects of the model structure, and confidence in the model structure is perhaps best built through the evaluation of model predictions (vs. via assessment of the precision of fitted parameters).
The catenary model predicts that reductions in the rate constant of FcRn-IgG dissociation (k off ) at pH 6 only allow a ∼1.5-fold increase in mAb half-life, relative to the half-life of endogenous IgG. This prediction is logical if one considers that the rate of dissociation for wild-type antibody is relatively slow compared to the timecourse of endosomal transit. Reductions of k off are fruitless if the rate of movement of IgG through the endosomal transit process occurs more rapidly than the rate of complex dissociation. Additional simulations of the influence of binding parameters at other pH conditions suggest a strong relationship between the predicted mAb half-life and rates of mAb-FcRn association (k on ) in early endosomes, where pH is 6.5-7. It is plausible that point mutations that allow an increase in mAb-FcRn equilibrium binding at pH 6 may also lead to changes in the rates of antibody association or dissociation at other pH conditions. This type of possibility, which may be easily considered with the catenary model, may explain why some investigators have found that mAb engineered for increased affinity at pH 6 often demonstrate no improvement in half-life (14, 16, 20, 21, 23, 26) , and occasionally demonstrate a decrease in half-life (16, 20, 23) , relative to the wild-type mAb variant.
The catenary model, while more complex than prior PBPK models, is still quite simplistic. Major simplifying assumptions of the new model include the use of fixed pH conditions within the vascular endothelial endosomes, the use of a fixed transit time for all sub-compartments, the use of FcRn binding parameters from a model antibody (T84.66), and the assumption that binding parameters obtained in vitro at 25°C will be identical to those found in vivo. It is unlikely that the model will serve as an accurate predictor of IgG disposition under all conditions; however, the model does appear to be capable of capturing the major features of mAb disposition, including rapid, monoexponential mAb disposition in FcRn-deficient mice. Additionally, in comparison with equilibrium binding models, the catenary model clearly provides predictions of the effects of altered mAb-FcRn binding that are more consistent with experimental data. Many of the parameters associated with the endosomal transit sub-compartments will be difficult to verify experimentally; however, it is clear that the incorporation of the subcompartment structure allows a more biologically realistic representation of the time dependence of transit of IgG, with movement through pH environments ranging pH 7.4-6.0, as IgG progresses from the moment of cellular endocytosis through sorting for catabolism or for extracellular release.
Further refinement of the model may be possible by measuring binding parameters for each mAb of interest, by incorporating measured concentrations of FcRn protein in tissues, and by investigating tissue concentrations of engineered mAbs. Future work will include prospective evaluation of model predictions of the disposition of engineered mAbs in mice.
